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Activated Elastin-Based Switches
they demonstrated that a rationally engineered minido-
main of protein A containing an elastin turn exhibits
reversible temperature-induced IgG binding [8]. This im-
portant work suggests that it may be possible to swap
an elastin-based turn for a native turn in a target protein
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to achieve temperature regulation and/or improved sta-
bility at higher temperature.Summary
Recently, we have investigated the molecular basis of
elastin’s inverse temperature transition using molecularTo investigate whether swapping native turns of a
dynamics (MD) simulations [9]. Elastin undergoes hy-globular protein with an elastin-based turn sequence
drophobic collapse and forms numerous turns above(VPGVG) can increase its thermostability, we have per-
its transition temperature during the simulations. Theformed molecular dynamics simulations of wild-type
conformational changes were observed in simulationschymotrypsin inhibitor 2 (CI2) and variants containing
on the timescale of several nanoseconds, which is inelastin-based turns at 10C and 40C. Wild-type CI2 is
good agreement with the experimentally determinedmore stable at 10C, while both of the variant forms
NMR [10] and dielectric [11] relaxation times of elastin.are more stable at 40C. Detailed analyses indicate
Moreover, in another study, we investigated elastin’sthat the elastin-based turns do indeed contribute to
elasticity by pulling and releasing its ends both abovethe inverse temperature behavior of the modified pro-
and below its transition temperature [12]. This workteins. Therefore, swapping a wild-type turn sequence
showed that the hydrophobic effect is also critical towith an elastin-based turn provides a novel way to
elastin’s ability to recover in response to force. Hereboth improve stability of target proteins at body tem-
we use the MD simulation method to investigate theperature and to possibly introduce a temperature-sen-
influence of an elastin-based switch on a model globularsitive switch.
protein—chymotrypsin inhibitor 2 (CI2) (Figure 1). Vari-
ants of CI2, each containing a single elastin-based turn,
Introduction exhibited enhanced stability above room temperature
and/or an elastin-like inverse temperature transition.
Introducing novel stimuli-responsive mechanisms is an Possible rules for selecting suitable turn(s) are also dis-
important goal of protein engineering. In a pioneering cussed.
work, Stayton and coworkers showed that conjugating
a temperature-sensitive polymer, poly(N-isopropyl- Results and Discussion
acrylamide), to a genetically engineered site on a protein
allows the protein’s ligand-binding affinity to be con- Overall Characteristics of the Wild-Type
trolled [1]. More recently, they developed a polymer and Variant CI2s
shield to achieve size-dependent control of the binding Previously, Rees’s group demonstrated that an engi-
activities of biotinylated proteins by attaching another neered minidomain containing an elastin turn exhibits
thermally responsive polymer, poly(N,N-diethylacryla- reversible temperature-induced IgG binding [8]. How-
mide), to streptavidin [2]. These studies highlight how ever, their model system, miniprotein A, is a 34-amino
one can control protein behavior using thermally respon- acid peptide with only two helices connected by a turn.
sive polymers; however, the conjugation of polymers to Here we use a 64-residue protein (CI2), which contains
a target protein can be expensive and scale restricted. almost all of the structural features of larger globular
Elastin is a protein that shows thermally responsive proteins—an  helix, a  sheet, a hydrophobic core, and
behavior similar to the chemical polymers mentioned an active site loop. We introduced elastin sequences at
above. That is, elastin and elastin-based peptides be- two sites: one is the turn connecting the helix and the
come more ordered and structured when the tempera-
1 strand (residues 24–27), while the other is at the end
ture exceeds room temperature (which is referred to of the 1 strand leading to the active site loop (residues
as an “inverse temperature transition”) [3]. These novel 33–36; Figure 1). These simulations have the advantage
properties of elastin have been used in the development of providing atomic-level information so that we can
of elastic biomolecular machines, which can intercon- investigate the detailed effect of an elastin-based switch
vert elastic energy among many different forms, such as on the target molecule.
light, motion, heat, pressure, and chemical or electrical The C root-mean-square deviation (C rmsd) shows
energies [4]. Also, the inverse temperature behavior of that wild-type and variant CI2 behave differently upon
elastin has been used in the purification of recombinant raising the temperature (Figure 2). In the wild-type con-
proteins [5] and the delivery of drugs to solid tumors trol simulations, the C rmsd at 10C remained below
[6]. Recently, Rees’s group showed that short elastin- 2.0 A˚, consistent with a stable native state. However,
based peptides exhibit the same temperature-induced
structural transitions as elastin polymers [7]. Moreover,
Key words: chymotrypsin inhibitor 2; elastin-based turn; inverse
temperature transition; molecular dynamics simulation; tempera-
ture-sensitive switch; thermostability1Correspondence: daggett@u.washington.edu
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Figure 2. The C Rmsd from the Starting Structures of the Simula-
tions
(A) Wild-type CI2.
(B) CI2 with the elastin-based turn at residues 23–28.
(C) CI2 with the elastin-based turn at residues 33–37.
state, as observed in systematic study of its behavior
as a function of temperature (from 25C to 225C) [17].
So, the protein has not denatured, it is merely labile.Figure 1. The Structure of Chymotrypsin Inhibitor 2 with the Posi-
tions of the Introduced Elastin-Based Switches Indicated On the other hand, in all the simulations of the protein
containing the elastin-based turn, the opposite behavior(A) Ribbon representation of the main chain fold of the CI2 crystal
structure [13]. Secondary structures, green; swapped turns, red. of the C rmsd is observed compared to that in the wild-
(B and C) Local conformation of the swapped turns by matching all type simulations (Figure 2). In the case of the [23–28]switch
the C atoms before and after the switch. Wild-type turns, gray; simulations, the C rmsd at 10C was a little higher than
swapped turns, red (main chain) and green (side chain). This figure
that at 40C, and it had larger fluctuations (Figure 2B).was generated using the programs MolScript [14], Raster3D [15],
The C rmsd at 40C was about 2.0 A˚, with little fluctua-and UCSF Midas Plus [16].
tion, suggesting improved stability of CI2 at 40C upon
introduction of the switch. The [33–37]switch simulation at
10C resulted in a remarkably higher C rmsd value,the C rmsd at 40C began to increase at 7 ns, reaching
nearly 4.5 A˚ at 10 ns and then fluctuating around 4.5 A˚ while the same inverse temperature transition was found
and the protein was more stable at 40C (Figure 2C).until the end of the 15 ns simulation (Figure 2A). The
behavior of the protein at 40C is quite similar to the When we look at the structures, the  helix rotated about
90 from its starting position at 10C (Figure 3). This kindmovement of CI2 before reaching its unfolding transition
Stabilizing Proteins Using Elastin-Based Switches
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Figure 3. Comparison of CI2’s Behavior before and after Introduction of the Elastin-Based Turns and at Different Temperatures
Wild-type CI2 is more stable at 10C than 40C, while both of the swapped variants show inverse temperature behavior similar to elastin.
UCSF Midas Plus [16] and MolScript [14] were used to create this figure.
of redirection of the  helix has been observed in our
previous heat-induced unfolding simulations of CI2 [17].
It is surprising that introduction of an elastin-based
turn can cause such a large structural change at such
a low temperature in the case of the [33–37]switch variant.
In fact, it is so impressive that we did additional indepen-
dent simulations of this switch at 10C and 40C to vali-
date the results; each simulation lasted 15 ns. These
simulations showed the same inverse temperature
trends and a larger C rmsd at 10C (Figure 4A). Structur-
ally, the  helix of the final structure rotated about 30
from its starting position at 10C, similar to the [33–
37]switch results, but to a lesser degree. In contrast, the
 helix of the final structures remained in the same direc-
tion as in the starting structure in both the original and
additional simulations at 40C (Figures 3 and 4B). Over-
all, the additional simulations confirmed the basic obser-
vations from the [33–37]switch simulations; therefore, we
use the [33–37]switch simulations as a representative in
the discussion that follows.
The inverse temperature transition is illustrated in vari-
ous properties of the variant forms of CI2 averaged over
the last nanosecond of the simulations (Table 1). In addi-
tion, the nonpolar solvent-accessible surface area of the
“core center” and “core edge” [18] residues are good
probes for the stability of the hydrophobic core of CI2
during the simulations. The core center residues in the Figure 4. The Properties of the Additional [33–37]switch Simulations
[23–28]switch simulation at 40C were almost as buried as of CI2
the same residues in the wild-type simulation at 10C (A) The C rmsd from the starting structures of the simulations.
(Table 1), suggesting that the elastin-swapped CI2 may (B) Snapshots showing the conformational behavior of the swapped
CI2 at different temperatures.be more stable at body temperature. The core edge
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Table 1. Average Properties of Various Simulations over the Final Nanosecond
Wild-Type [23–28]switch [33–37]switch
X-Ray 10C 40C 10C 40C 10C 40C
Overall Properties
C rmsd (A˚) — 1.86 4.45 2.91 2.27 6.78 3.71
Number of total contactsa 272 258 236 253 235 203 250
Number of NP contactsb 83 73 63 63 64 53 67
Rgc (A˚) 10.6 11.0 11.3 11.0 11.4 11.9 11.0
Total SASAd (A˚2) 4351 4675 4835 4605 4956 5685 4665
NP SASA (A˚2) 2858 3064 3109 3037 3289 3512 3863
Number of mc-mc H bondse 27 23 19 21 17 15 20
Properties of Core Area
Core center (NP SASA)f (A˚2) 1 2 40 50 10 128 56
Core edge (NP SASA)g (A˚2) 113 125 200 194 158 388 144
Trp5 (NP SASA) (A˚2) 1 7 23 69 18 111 17
Main core (C rmsd)h (A˚) — 0.64 2.63 1.35 0.98 4.55 2.19
a Contacts were given and defined as having heavy-atom distances between nonneighboring residues of 4.6 A˚, except for aliphatic carbons,
where an extended distance of 5.4 A˚ was used.
b Side chain contacts were counted when two aliphatic carbon atoms were within 5.4 A˚ of each other. Atoms in neighboring residues were
not considered.
c Radius of gyration based on the positions of the  carbon.
d All solvent-accessible surface areas were calculated using the program NACCESS (S.J. Hubbard and J.M. Thornton, 1993), which employs
the Lee and Richards algorithm with a probe radius of 1.4 A˚ [26].
e Main chain-main chain hydrogen bonds were tabulated as intact when the hydrogen and the acceptor were within 2.6 A˚ and the hydrogen
bonding angle was within 35 of ideality.
f Core center includes Ala16, Ile20, and Leu49 [18].
g Core edge includes Glu4, Leu8, Val19, Ile29, Val47, Val51, Ile57, and Pro61 [18].
h Main hydrophobic core is comprised of 1 (residues 13–23), 1 (residues 27–34), and 2 (residues 46–52) [18].
residues showed similar results. Also, the simulations tion at 10C, the 57H-11O distance increased beyond
the range of hydrogen bonding, due to the slight openingindicate that Trp5 in wild-type CI2 has a larger solvent-
accessible surface area at 40C but that it is almost of the top of the main core (Figures 3 and 5A). Wild-type
CI2 at 40C showed an exchanging increase/decrease ofcompletely buried at 10C (Table 1). In contrast, Trp5 in
the variant forms shows the opposite behavior. Trp5 is the distances of 57H-11O and 63H-3O, in good agree-
ment with the breathing motion of CI2 [20]. The threeused as a fluorescence probe in CI2 [19]; therefore, this
behavior may be experimentally observable. hydrogen bonding distances remained constant in the
[23–28]switch simulations, even though the 63H-3O dis-The snapshots from the simulations illustrate the ef-
fect of the elastin turns on CI2 (Figure 3). The structures tance increased a bit within the first 3 ns at low tempera-
ture (Figure 5B). By this measure, the [23–28]switch formfrom the wild-type simulation at 10C and the structures
of the [23–28]switch simulation at 40C remain quite similar of CI2 was more stable than wild-type at 40C (Figure
5), benefiting from the introduction of the elastin turn,to the starting X-ray structure of CI2 (Figure 3), sug-
gesting that a suitable swap of an elastin-based turn can which is more stable at higher temperature. On the other
hand, the 57H-11O and 63H-3O distances increasedlead to an inverse temperature transition, consequently
stabilizing a globular protein at higher temperature. The considerably in the [33–37]switch simulation at 10C be-
cause of the rotation of the  helix, while these distancessnapshots at 12 and 15 ns in the 40C wild-type simula-
tion show partial opening of the main hydrophobic core remained stable at 40C (Figures 3 and 5C).
The side chain and main chain contact maps of thevia a breathing mode. Our recent MD simulations of CI2
at different temperatures suggest that a large breathing- beginning and the final structures of the wild-type and
variant forms of CI2 are shown in Figure 6. The finallike motion is a common feature of CI2 before it reaches
its transition state [17]. Also, our previous heat-denatur- structures and contact maps were averaged during the
last 1 ns of the simulations to represent the features ofation simulations of CI2 suggest that the  helix is the
most stable portion of the molecule in its transition state the protein in different conditions. Overall, swapping of
the turns does not change the main features of the con-[18]. In the current research, CI2 retains almost all of its
-helical character in all of the simulations (Figure 3), tact maps for the starting structures. However, after 15
ns, wild-type CI2 had more contacts at 10C than atindependent of the flanking sequences.
Figure 5 shows the main chain hydrogen bonding dis- 40C, while the elastin variants contained more contacts
at 40C than at 10C, especially in the case of the [33–tances (N-H…O) for three hydrogen bonds that report
on the overall structural integrity of CI2. The distance 37]switch simulations (Figure 6). The wild-type simulation
at 10C and the [23–28]switch simulation at 40C showbetween 63H and 3O can be used to indicate the relative
positions of the N and C termini, while 57H-11O and final structures similar to the starting structure, with the
residues implicated in the folding nucleus (residues 16,51H-32O reflect the stability of the main hydrophobic
core and the minicore of CI2 [18]. In the wild-type simula- 20, and 49) in contact (Figure 6).
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Figure 5. Interatomic Distances for the Atom Pairs 51H-32O, 57H-11O, and 63H-3O as a Function of Time for Different Simulations
As shown in the inserted structure of CI2, these three distances represent the critical hydrogen bonding for retaining the 3D structure
of CI2.
(A) Wild-type CI2.
(B) CI2 with the elastin-based turn at residues 23–28.
(C) CI2 with the elastin-based turn at residues 33–37.
All the results presented above (C rmsd [Figure 2], dynamic at higher, than at lower, temperature (Figure
7A). In contrast, in the [23–28]switch simulations, the oppo-snapshots along the trajectories [Figure 3], critical hy-
drogen bonds [Figure 5], average final structures, and site behavior was observed; the elastin-based turn led
contact maps [Figure 6]) suggest that the introduction to enhanced dynamic behavior at 10C and greater rigid-
of an elastin-based turn might improve the thermal sta- ity at 40C (Figure 7B). Moreover, for residues 23–28,
bility of globular proteins and/or act as a temperature- the native turn became less stable at 40C (Figure 7A),
activated switch. while the elastin-based turn was highly dynamic at 10C
(Figure 7B). Therefore, the different dynamic features
between the native and the elastin-based turn contrib-The Swapped Turn Does Indeed Contribute to the
Inverse Temperature Transition of the CI2 Variants uted to the overall behavior of the target protein. Figure
7C also shows an inverse temperature transition of [33–Figure 7 shows the C rmsd per residue during the
simulations. In the wild-type simulations, CI2 was more 37]switch CI2, although the swapping turn area was highly
Structure
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Figure 6. Structures and Contact Maps of Wild-Type and Swapped-Turn CI2 before and after the Simulations at 10C and 40C
The structures and contact maps were averaged during the last nanosecond. Side chains are shown for the residues implicated in the folding
nucleus (residues 16, 20, and 49). The top left corner of the contact map shows the number of side chain interactions, Nc, with a 5.4 A˚ cutoff
(red, 0  Nc  3; green, 3  Nc  10; blue, Nc  10). The bottom right corner is the  carbon contact map classified by atom-atom distance,
d (blue, d  5 A˚; green, 5  d  7 A˚; red, 7  d  10 A˚).
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tion for the majority of the simulation time at 40C. In
comparison, the wild-type turn occupied more well-
defined turn conformations at 10C than at 40C. For turn
33–36, the wild-type and swapped turn both extended
during the simulation. However, the swapped turn
shows a strong tendency to reform at 40C, while the
wild-type turn became even more extended at high tem-
perature (Figure 8B). These results suggest that an elas-
tin-based turn attempts to retain its turn structure even
when swapped into a globular protein, which, when
properly placed, can aid in the maintenance of the struc-
tural integrity of globular proteins above room temper-
ature.
Stabilization of a Globular Protein by Swapping
a Native Turn with an Elastin-Based Turn
It is striking that swapping a native turn of CI2 with
an elastin-based sequence can cause this 64-residue
protein to display the inverse temperature behavior of
elastin polypeptides [3]. Moreover, the native state of
[23–28]switch CI2 shows enhanced stability near physio-
logical temperature compared with wild-type, based on
our simulation results (Figures 2, 3, and 5). We believe
that it should be possible to develop a general method
for improving protein stability near body temperature by
swapping native turn(s) with elastin-based turn(s). First,
the elastin-based turn sequence (VPGVG) has a very
strong propensity to form a turn above room tempera-
ture, which has been shown previously by various exper-
imental [3, 7] and simulation [9] studies. Our simulations
suggest that a scrambled VPGVG sequence, GPVGV,
would not lead to stabilization of CI2 at higher tempera-
ture (see the Supplementary Figure available with this
article online); therefore, the VPGVG sequence appears
to be relatively unique for introducing thermal stability
to a protein. Second, swapping a native turn with an
elastin-based turn may be acceptable, since it retains
the local structure as well as the global topology of
the target protein. Third, the turns tend to occur at the
Figure 7. C Rms Fluctuation per Residue during the Simulations surface of the protein in regions that are disrupted in
The regions are colored according to C rms fluctuation value: red, the folding/unfolding transition state [18, 19]. Therefore,
5–6 A˚; orange, 4–5 A˚; yellow, 3–4 A˚; green, 2–3 A˚; cyan, 1–2 A˚; blue, a self-stabilized elastin-based turn may deter the early
0–1 A˚. steps in unfolding and thereby stabilize native and pre-
(A) Wild-type CI2. transition-state structures. However, we note that our
(B) CI2 with the elastin-based turn at residues 23–28.
simulations address the kinetic stability of the protein.(C) CI2 with the elastin-based turn at residues 33–37.
Unfortunately, we cannot accurately address thermody-
namic stability, as such sampling is beyond currently
available computer power.dynamic at both temperatures, since residues 34–40
constitute one of the most dynamic parts of wild-type Residues 24–27 of CI2 connect the  helix with 1 of
the molecule (Figure 1). Our previous unfolding simula-CI2 (Figure 7A). With respect to the local dynamics, all
of the elastin-based turns at 40C displayed crankshaft- tions suggest that the turn is more extended in the transi-
tion state to accommodate the movement of the helixlike motion, which is commonly observed in simulations
of elastin-based peptides [9]. In contrast, the wild-type away from the core [20]. In the [23–28]switch simulation,
we replaced four polar residues in this area (Asp23,turns did not display such behavior. Overall, elastin-
based turns at two different positions of CI2 imbue the Lys24, Glu26, and Gln28) by nonpolar or neutral residues
(Ala23, Val24, Gly26, and Gly28). Previously, we foundprotein with elastin’s inverse temperature behavior, sim-
ilar to the previous experimental observation for swap- that replacing Asp23 with Ala23 can stabilize the transi-
tion state of CI2, but it slightly affects the stability ofping an elastin-based turn into miniprotein A [8].
The hydrogen bonding distances of the turns were the native state of CI2 [21]. The [23–28]switch CI2 also
deletes two long-range charge-stabilized hydrogenused to illustrate the behavior of the turns (Figure 8). In
the case of the [23–28]switch, the variant turn became bonds (Lys2-Asp 23 and Ile44-Lys24) and several salt
bridges that are important to the tertiary structure of CI2;disrupted at 10C, while it sampled the turn conforma-
Structure
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Figure 8. Comparison of the 27H-24O and 36H-33O Distances of Wild-Type and Swapped CI2 as a Function of Time
These distances can be used to represent the hydrogen bonding therefore the stability of the turns.
(A) Turn 24–27.
(B) Turn 33–36.
therefore, it would seem to have a negative influence on for identifying appropriate turn positions. The critical
residues for the folding nucleus should not be changed.the stability of the molecule. However, we increased the
hydrophobic interaction by replacing Ala27 with Val27, On the other hand, a turn in an unstructured part of a
transition state may be a good target for swapping withwhich might have a positive influence on the stability.
In addition, Pro25, an important residue for stabilizing an elastin-based turn.
the local structure of CI2 [22], happened to be un-
changed in the switch. Most important, the swapped Biological Implications
elastin-based turn retains the local topology of the target
protein and has a strong tendency of self-stabilization The simulations described here suggest that swapping
a native turn with an elastin-based sequence can leadabove room temperature. As a result, the [23–28]switch CI2
appears to be more stable than wild-type near physio- to heightened stability of the target molecule at body
temperature and can serve as a possible temperature-logical temperature.
Swapping turns at different locations of the protein sensitive switch. However, we need experimental confir-
mation of our observations. Both the [23–28]switch andcan result in different effects on the target molecule. Of
the two positive switches on CI2, the [23–28]switch CI2 [33–37]switch CI2 simulations break and replace several
polar and/or nonpolar interactions in the native structureshows improved stability over wild-type near physiologi-
cal temperature, while the [33–37]switch CI2 has larger of CI2. The improved stability of the variant forms of CI2
at 40C suggests that swapping a native turn with aneffects between the temperatures (Figures 2 and 3). The
difference might be explained by the fact that residues elastin-based turn is tolerant to side chain changes of
the target molecule. We note that an elastin-based turn24–27 belong to the main hydrophobic core of CI2, while
residues 33–36 are located near the active site loop. The itself is highly turn forming above room temperature
because of its favorable hydrophobic interactions be-changes of main chain/side chain local conformation
(Figures 1B and 1C) may also contribute to the final tween the first and the forth valines and its well-known
turn-forming central sequence (Pro-Gly).results. Moreover, if available, a transition-state model
for the unfolding/folding process may be very useful Taking advantage of detailed characterization of the
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